Abstract
INTRODUCTION
Recently, the lanthanide (Ln = La, Nd, Sm, Eu and Gd) orthoniobates LnNbO 4 (LnNO) and orthotantalates LnTaO 4 (LnTO) materials have been developed for wide applications in satellite communication systems [1] . Samarium niobate SmNbO 4 (SNO) and tantalate SmTaO 4 (STO) films can be used as phosphors for solid-state lighting, as photocatalysts in solid-state laser materials and as ion conductors for solid oxide fuel cells. Samarium niobate (SmNbO 4 ) and tantalate (SmTaO 4 ) with fergusonite structure have attracted a great deal of attention due to their interesting physical properties, such as high dielectric constants, electro-optical, photoelastic, photocatalytic and luminescent properties as well as good mechanical and chemical stability. For SNO, there are two crystalline forms, the low temperature M-phase isostructural with monoclinic form of the fergusonite and the high temperature T-phase corresponding to tetragonal scheelite. The transition between two phases occurs reversibly in the range 500-800°C [2] . STO crystallizes in monoclinic form, besides its ability to possess two fergusonite-type structures, first known as M-type (I2/a) and second called M´-type (P2/a) [1, 2] .
Formation of these structure types depends on the atomic radius of Ln and synthesis conditions. LnNbO 4 and LnTaO 4 precursors of thin films can be prepared by different methods: conventional solid state reaction (SSR) [3] , hydrothermal [4] and sol-gel [1] methods. LnNO and LnTO ceramics were prepared by SSR and sintered at 1300-1400°C. SmNbO 4 ceramics were annealed at 1200-1300°C with monoclinic and tetragonal structure [5, 6] . Polycrystalline SmTaO 4 were heating at 1400°C with single monoclinic M and M´-type structure [7, 8] , respectively.
The sol-gel method has been used to prepare LnNbO 4 and LnTaO 4 at low temperature [1] . Because both LnNO and LnTO crystallize at 600 and 800°C, respectively in the same metastable fluorite tetragonal T´ structure (similar to that of tetragonal zirconia, t-ZrO 2 ) also initially might transform to stable M-LnNbO 4 at 800°C and M´-LnTaO 4 at 900°C [1] . T´ structure is the first crystalline product. SmNbO 4 polycrystalline powders were obtained by polymeric sol-gel process and metastable fluorite phase was identified in the synthetized powders. After sintering process at 1300°C, single monoclinic phase was obtained [9] . SmNbO 4 thin films, prepared by the sol-gel method on Si substrates during crystallization at 900-1200°C exhibited polycrystalline microstructure [10] . Considering the primary electrical behaviours of SNO, the chip capacitor based on SmNbO 4 shows promise for future semiconductor device application.
Thin films-solid oxide fuel cells (TF-SOFCs) with thin films of electrolytes have attracted a considerable attention due to their high energy conversion efficiency and fuel flexibility. In the search for new materials, acceptor substituted lanthanide orthoniobates and orthotantalates Sm(Nb/Ta)O 4 oxides were recently demonstrated to exhibit appreciable proton conductivity in wet atmospheres [11, 12] . Electrolyte thin films of TF-SOFCs must be continuous and crack-free in order to prevent gas leakage, and must rest between two porous electrodes through which gases can pass freely to or away from the active sites for electrochemical reactions near the electrode-electrolyte interface [13] . The proton conductivity of SmNbO 4 and SmTaO 4 thin films materials reaches values of the order of 10 -1 S cm -1 and have interesting for hydrogen and humidity sensors at temperatures below around 700C.
Recently, several groups published studies on the relationship between electrical behavior and phase and crystallographic orientation by the introduction of buffer layers such as SrRuO 3 , LaNiO 3 , SrTiO 3 , (La,Sr)MnO 3 , (La,Sr)CoO 3 is effective method to improve properties of thin films [14, 15] . The significant impact of SrTiO 3 [14] or (La,Sr)CoO 3 [15] acting as buffer layers on structural, microstructural and ferroelectric properties for (Bi,Nd) 4 [20] . Monoclinic ZrO 2 phase forms as a result of PbO loss at the sample surface (PbO melts at 880°C). The formation of a Pb-deficient fluorite or pyrochlore phase during processing is not the disaster that it was always thought to be. In fact, for the fabrication of ultrathin films with thicknesses of 10-50 nm, it is beneficial to deliberately form the Pb-deficient fluorite during initial processing steps in order to minimize electrode interactions [21] .
In this work, we demonstrate a method to prepare novel SmNbO 4 (SNO) and SmTaO 4 (STO) thin films from polymeric Nb and Ta-tartrate solutions by sol-gel/spincoating process. The precursors of films were analysed by DSC/TG, XRD, Raman, SEM, TEM and AFM. We also report the structural properties and morphology of SNO and STO thin films deposited on the alumina substrates with PZT interlayer and annealed at 1000°C.
The results of this work can contribute to the fabrication of these films for the application to environmental electrolytic thin film devices.
EXPERIMENTAL
SmNbO 4 and SmTaO 4 precursors were prepared by modified polymeric complex sol-gel method [22] . The novel SNO or STO sol precursors were synthesized from Sm(NO 3 ) 3 .xH 2 O and Nb-or Ta-tartrate complex in solvent (ethylene glycol) with molar ratio of Sm/Nb or Sm/Ta = 1/1. The Sm(NO 3 ) 3 .xH 2 O solutions were prepared by the dissolution of Sm 2 O 3 in HNO 3 at 50°C. All chemicals were of analytical grade and were purchased from Merck (Darmstadt, Germany). After homogenization at 80°C, the solutions were stirred, heated at 130°C for 5 hours with the formation of transparent viscous sols. Basic (0.5 M) sols were diluted in stabilization solution (n-propanol). The sols remained stable at room temperature for two months. Pb(Zr 0.52 Ti 0.48 )O 3 (PZT) sol was prepared by sol-gel method [23] . The SNO and STO yellow gels were obtained after drying at 135°C for 12 hours. The final powder precursors were annealed at 1000 °C for 1 hour.
SNO and STO thin films were prepared from the adequate sols synthesized in the stoichiometric ratio and deposited on alumina substrates. Polycrystalline alumina wafer (50.8 mm x 50.8 mm x 0.63 mm and 630 m thickness) was used to deposit the films. The alumina substrates were spin-coated with PZT sol precursor at 2000 rpm for 30 s (PZT interlayer) and dried at 110°C for 3 min. Single SNO or STO film layer were deposited on PZT/Al 2 O 3 substrate with a drying step at 110°C for 3 min and calcined at 400°C for 3 min. The coating cycling was repeated three times to obtain three layers of thin films. Final 3-layered SNO and STO films were annealed at 1000°C for 1 hour in air.
The thermal decomposition of gels were analysed by differential scanning calorimetry, thermogravimetric analysis (JUPITER STA 449-F1 NETZSCH). The chemical composition of samples were analysed from Raman spectra were collected by a Raman spectroscopy (HORIBA BX 41TF). The phase composition of precursors and films was determined by X-ray diffraction analysis (XRD), (a model X ' Pert Pro, Philips, The Netherlands) using CuK α radiation. The surface of SNO and STO powder morphologies were characterized using scanning electron microscope (SEM), (JSM-7000F, Jeol, Japan) equipped with an energy dispersive X-ray (EDX) analyser link ISIS (Oxford, UK) and transmission electron microscopy (TEM), JEOL (JEM 2100F) equipped with the addition of EDS analysis. The surface and cross-section of film microstructures were characterized using SEM equipped with focused ion beam (FIB-SEM), (Auriga Compact, Carl Zeiss Germany). Cross sections of films were opened to observation after cutting with the focused Ga + ion beam and removing of a small piece of film layer from substrate. Surface topography and root mean square roughness of films were characterized by atomic force microscopy (AFM, Dimension ICON, by Veeco Instruments).
RESULTS AND DISCUSSION
The XRD diffractograms of SNO and STO precursors after annealing between 600-1200°C are shown in Fig. 1 . The XRD patterns verified the formation of SmNbO 4 : amorphous (600-700°C), orthorhombic O (800°C), and coexistence of orthorhombic and monoclinic M (1000-1200°C) phases, which correspond to O-SmNbO 4 (JCPDS no. 72-2143) and M-SmNbO 4 in SNO powders (Fig. 1a) . The presence of SmTaO 4 : amorphous (700-800°C), fluorite T´(900°C), tetragonal T (1000-1100°C) and coexistence of tetragonal and monoclinic M´ (1200°C) phases denoted as T-SmTa 7 O 19 (23-0626) and M´-SmTaO 4 (24-1010) were identified in STO powders (Fig. 1b) . The T´ formation of metastable phase with fluorite structure is similar to the tetragonal zirconia (t-ZrO 2 )
reported by Mather and Davies [1, 24, 25] . As resulted from the XRD analysis, the annealing temperature for the preparation of SmNbO 4 and SmTaO 4 phases was remarkably decreased to 1000-1200°C and it was lower than in conventional mixed route (1400-1500°C for 10 hours) [3] .
TG and DSC curves of samarium niobate and tantalate xerogels heated to 1300°C in air are shown in Fig. 2a . The small 6% weight losses at temperatures up to 200°C are due to evaporation of water residuals and etylene glycol. It was shown that all chemical reactions involving weight losses, such as decomposition of organic polymeric network, finished below 500°C. In Fig. 2a , the exothermic peaks at 276, 315 and 360°C (SNO) and 324°C (STO) could be attributed to the thermal decomposition of tartrate complexes with corresponding weight losses about 43% (SNO) and 60% (STO). The formation of amorphous oxides started above 400°C with a small exo-effects. The region between 450 and 600°C is the result of the combustion of residual carbon and following crystallization of SmNbO 4 phase at 640°C (fluorite tetragonal phase unknown structure denoted as T´ when it is prepared from amorphous) [1] . The exothermic effect above 889°C (SNO) corresponds to the transformation from T´ to the stable T or M phase. In DSC curve of SNO, broad and distinct endothermic peak above 1100°C (SNO) characterize the T-M transformation of SmNbO 4 . The two small exothermic peaks at 890°C and 964°C (STO) were observed. The first exo-peak is represents crystallization of T´ phase and the second correspond with the residual carbon oxidation. The next exothermic peaks at 1162°C (STO) related to transformation from metastable T´ structure to T or M´ phase. The last approximately 5-9 % weight loss on TG curve between 900 to 1300°C relates to above transformations. On basis of TG analysis, the total weight losses weres about 55% (SNO) and 70% (STO). Raman spectra of precursors after annealing at 1000°C are shown in Fig.  2b . 18 optical Raman active phonon modes are expected [26, 27] . The phonons between ~ 400-500 cm -1 and ~ 600-700 cm -1 are assigned to anti-symmetric Nb-O vibrations, while the main modes (A g and B g ) at approximately 330 and 810 cm -1 are related to the symmetric Nb-O vibrations of the NbO 4 tetrahedron [28] in SmNbO 4 precursor annealed at 1000°C (Fig. 2b) . The peaks around 375 and 805 cm -1 (STO) represent the tetragonal T-SmTa 7 O 19 derived from fluorite structure T´-type SmTaO 4 [3] . The peaks around 330 and 800 cm -1 in SmTaO 4 precursor at 1000°C represent the tetragonal T-SmTa 7 O 19 structure. The possible reaction (1) in SNO and (2) in STO describe the formation of SmNbO 4 and SmTaO 4 phases, derived from DSC/TG curves, XRD patterns and Raman spectra. The particle morphology in SNO and STO precursors prepared at different temperatures were investigated by SEM and TEM (Fig. 3) . The micrographs of the SNO precursors at 800°C for 1 hour (Fig. 3a) demonstrate formation of the extremely fine particles (~ 20 nm) connected into large agglomerates (HRTEM image of T´-SmNbO 4 ). After annealing at 1000°C for 1 hour, the spherical particle coarsening to size around 50-80 nm and cuboidal 100-150 nm in SNO (Fig. 3c ) was observed. In Fig. 3b,d , the morphologies of particle agglomerates after annealing of STO samples at 800 and 1000°C are shown. In amorphous STO powders (Fig. 3b) , particle agglomerates (up to 1µm size) with a more compact irregular morphology and plate-like shape (T´-SmTa 7 O 19 ) were identified [29] . They were consisted of small approximately 100 nm globular clusters with very fine structure. On other side, in STO after annealing at 1000°C, the large particles (TSmTa 7 O 19 ) with the shape of leaves or flakes mixed with smaller particles can be visible (Fig. 3d) . The particles were formed from highly coalesced spherical particles with diameter ~ 50-100 nm [9, 30, 31] . The SEM/EDX analyses of SNO and STO powders at 1000°C, respectively are shown in Fig. 3e ,f. The calculated Sm/Nb and Sm/Ta atomic ratio were approximately 1.0. (spectrum 1 and 2) . in SNO. Samarium tantalate usually crystallize in three different structures at room temperature [30, 32] . One belongs to I2/a symmetry or M-type (fergusonite structure), the other is P2/a symmetry or M´-type, which is true equilibrium phase at room temperature with the M-type modification and another is the high temperature tetragonal phase of the scheelite structure or T-type. As illustrated in Fig. 4a , the STO film is composed of single M´-SmTaO 4 . From XRD patterns resulted that the tetragonal phase transforms to monoclinic M or M´phase in SNO or STO films, respectively. The XRD pattern at 1000°C shows the presence of the monoclinic ZrO 2 phase (JCPDS 83-0944) and pyrochore PZT phase and this may be due to the melting of PbO at high temperature in PZT interlayer on substrate Al 2 O 3 . For the pyrochore phase the only pattern found in the database was JCPDS 26-0142 corresponding to Pb 2 Ti 2 O 6 . . The actual composition of the pyrochlore phase in sol-gel prepared films is Pb 2.5 (Zr 0.51 Ti 0.49 ) 2 O 6.2 [33] . Pyrochlore Pb 2 (Zr, Ti) 2 O 7 phase occurs at 2 equal to 29° (222), 33° (400) and 45°(200) 2 (one PZT layer -only 50 nm thickness) [34] . Raman spectra of films after annealing at 1000°C are shown in Fig. 4b . Two dominant bands at 330 cm -1 and 800-805 cm -1 were clearly identified in all films. These bands are assigned to the bending and stretching modes of MO 6 [26] .
The cross-section microstructures of STO (Fig. 5 ) thin film deposited on PZT/Al 2 O 3 substrates with EDS lines analysis were characterized using SEM equipped with focused ion beam (FIB). From image analysis of STO films resulted that the STO and PZT film thickness was ~100 and 50 nm, respectively. EDS analysis (Sm, Ta, O, Pb, Zr, Ti and Al) demonstrate the distribution of elements across STO film and PZT/Al 2 O 3 substrate. . It is generally observed in sol-gel prepared film that a film annealed at low temperature 350°C and 420°C has amorphous and pyrochlore structure, respectively [35] . The crystallinity increases and the pyrochlore structure transforms to the perovskite structure during annealing at 500°C. Films annealed between 500 and 800°C consisted mainly of the perovskite phase and some PbO, ZrO 2 , and pyrochlore as minor phases. The residual pyrochlore phase was relatively stable in this temperature range, whereas PbO and ZrO 2 disappeared between 700 and 800°C the optimal temperature region. Annealing of films above 800°C led to decomposition reactions. ZrO [21, 35] . The stability of pyrochlore may be attributed to its ability to exist in a range of pyrochlore structure can vary within a certain range, as a result of which the phase can be enriched or depleted in lead. The pyrochlore phase has also been found at different ratios of Zr/Ti. The apparent reasons for the decomposition reactions and the formation of pyrochlore PZT are the loss of lead by evaporation and the diffusion of aluminum from the substrate into the film. The evaporation results in a deficiency of lead in a PZT lattice. PZT film was completely decomposed at 1100°C (ZrO 2 , TiO 2 and residual PbO) a process compounded by diffusion reactions [35] . The SEM and 2D AFM micrographs of the SNO thin film are shown in Fig. 6b . It was observed that the particles in the ceramic films were closely packed and uniformly distributed at 1000°C. The microstructure of SNO film composed of SmNbO 4 was smoother than PZT film. Contrary to above the surface SNO film was rougher and more heterogeneous as compared with STO. The heterogeneous microstructure of the SNO is characterized by the bimodal particle size distribution and contains smaller spherical orthorhombic SmNbO 4 (~ 30-50 nm) and coarser cuboidal monoclinic SmNbO 4 particles of about ~100 nm. The homogeneous surface of STO film (Fig. 6c) composed of SmTaO 4 spherical particles (~50 nm). As shown in Fig. 6b , the AFM image illustrates that average particle size (~ 50-100 nm) correspond to the size of SmNbO 4 particles in SNO film and it is evidently larger than that in STO film (~ 20-50 nm). The root mean square (R q ) surface roughness values of the films (1  1 m 2 ) were calculated as 6.35 nm for SNO films, 3.23 nm for STO film and 24 nm for PZT layer on Al 2 O 3 substrate. The structural properties of SNO and STO films depend on their phase composition.
CONCLUSIONS
In conclusion, we have developed novel samarium niobate SmNbO 4 (SNO) and samarium tantalate SmTaO 4 (STO) thin films using tartrate solutions. The different mechanism of the phase transformation in heating SNO and STO precursors from fluorite (at 800 and 900°C, respectively) via orthorhombic SmNbO 4 (at 900°C) and tetragonal SmTa 7 O 19 phase (at 1000°C) to monoclinic M-SmNbO 4 (at 1000°C) or M´-SmTaO 4 (at 1100°C) was determined.
The ceramic SNO and STO thin films (~ 100 nm) were fabricated by sol-gel/spincoating method on Al 2 O 3 substrates with PZT interlayer and annealed at 1000°C. The structural characterization of the SNO film demonstrated different phase formation with orthorhombic O-SmNbO 4 and monoclinic M-SmNbO 4 . XRD results confirmed the presence of single monoclinic M´-SmTaO 4 phase in STO thin film. In heterogeneous microstructure of SNO film were identified spherical O-SmNbO 4 and cuboidal M-SmNbO 4 particles, which is difference as compared with the SmTaO 4 film composed of spherical particles (single monoclinic M´-SmTaO 4 phase). This study indicated that Nb 5+ or Ta 5+ and Sm element are directly correlated with the crystalline arrangement of the niobate and tantalate thin films. The results of this work can contribute to the fabrication of these films for the application to environmental electrolytic thin film devices.
